Introduction
Proteins are inherently dynamic systems with motions that cover a several orders of magnitude wide time scale from femtosecond to more than seconds 1, 2 . Such dynamics may be local, concerted, correlated or of anti-correlated nature [3] [4] [5] [6] [7] . Nuclear magnetic resonance spectroscopy (NMR) is one of the major methods to study protein dynamics. A plethora of NMR experiments have been and are further being developed to elucidate protein motions 2, 6, [8] [9] [10] [11] [12] [13] [14] . One of the standard experiments are 15 N R 1 , R 2 relaxation measurements and the 15 N NOE experiment for the detection of the rotational correlation time of the molecule under study as well as local fast dynamics at a residue-specific resolution (i.e. for each 15 N-1 H 3 moiety along the amino acid sequence) 15, 16 . These measurements have been complemented with more sophisticated experiments and analyses to obtain also intermediate and slow time scale information from µs up to ms. This includes the 15 N CPMG-or 15 N R 1 based relaxation dispersion experiments 17, 18 , CEST or DEST measurements 9, 12 and alternatively 13 C methyl relaxation measurements covering protein side-chain dynamics 19, 20 . Towards a more comprehensive picture of dynamics, residual-dipolar couplings 11, 21, 22 , cross-correlated relaxation 4, 7, 23 , paramagnetic relaxation enhancement (PRE) [24] [25] [26] and eNOE-based 6, 27 data have been acquired and can be used in combination with molecular dynamics simulation 28, 29 or ensemble averaging 5, 11, 27, 30, 31 and chemical-shift based structural ensemble prediction [32] [33] [34] .
For the investigation of µs-ms dynamics, 15 N R 2 measurements are among the most frequently used experiments. The 15 N R 2 rate constant, which describes the decay of 15 N transverse magnetization as measured e.g. in a Hahn-echo experiment, has an exchange contribution, R ex , due to conformational and chemical exchange that modulates the 15 N chemical shift tensor 35, 36 that adds to the R 2,0 autorelaxation rate constant: R 2 = R 2,0 + R ex .
It is probably surprising that the presented work identifies a systematic error in several 15 N R 2 relaxation measurements for the characterization of µs-ms dynamics that deteriorates the dynamics analysis of proteins and in particular intrinsically disordered proteins (IDP) and protein loops when measured under physiological conditions (i.e. pH ~7.4 and at a temperature of ~37 C). The identified culprit is the fast exchange of the amide protons with water and simultaneously with the internal reference substance, D 2 O, resulting in an exchange contribution induced by the deuterium-induced isotope shift of 15 N, that becomes particularly acute at physiological pH and temperatures. We exemplify this effect using Hahnecho based 15 N R 2 measurements that do not suppress exchange contributions and CPMG relaxation dispersion measurements on α-synuclein, which is an IDP associated to Parkinson's disease, as well as the PDZ2 domain of human phosphatase and provide a straightforward solution (i.e. the use of a very low D 2 O molar fraction, as low as 1%, or, alternatively, the use of an external D 2 O lock and the appropriate pulse sequence).
Material and Methods

Protein expression and purification
Acetylated α-synuclein was expressed using co-expression of the N-terminal acetyltransferase B (NatB) complex and the α-synuclein plasmid (pRK172), as described earlier 37 . Expression and purification were performed as described earlier 38 , with some modification. Briefly, after transformation, colonies containing both plasmids (NatB and pRK172) were grown at 37 C in 10 ml Lysogeny Broth (LB) medium overnight and were then transferred into 1 L of LB media. After reaching an OD 600 of around 0.5, cells were harvested by centrifugation and resuspended into 1 L M9 minimal media containing 15 NH 4 Cl and grown till an OD 600 of 1.0 was reached. Protein expression was carried out overnight at 37 C, after induction with 1 mM IPTG. Cells were harvested by centrifugation and α-synuclein, present in the periplasm, were purified using ion exchange chromatography and hydrophobic interaction chromatography as described earlier 39 .
The PDZ2 domain from human phosphatase (hPTP1E) was encoded into a pET21 expression system with a T7 promoter and Histidine tag. Expression and purification were performed as described earlier 40 , with some modifications. After transformation, a single colony was inoculated overnight in 10 ml LB medium at 37 C and then transferred into 1 L M9 minimal media containing 15 NH 4 Cl and grown till an OD 600 of 0.5 was reached. Protein expression was induced by adding 1 mM IPTG and cells were harvested by centrifugation after 5 h. A Ni-affinity column (HisTrap FF) was used for purification of protein and the histidine-tag was cleaved with Human Rhinovirus 3C (HRV 3C) followed by another Ni-affinity column purification step.
NMR Measurements
NMR spectra were recorded with 500 M of , were recorded using the pulse sequence described in Fig. 1 
Simulation of CPMG relaxation dispersion curves
CPMG relaxation dispersion curves were calculated using the formula:
as described in 44, 45 , 
Results
Pulse sequence for the measurement of 15 
N R 2 relaxation
The average backbone amide exchange rate constant shows a strong pH dependence, with a minimum around pH 3 (10 -1 / min at 298 K) and a ten-fold increase for each pH unit 47, 48 , resulting in ca. H moiety with water. By that, evolution into anti-phase N x/y H z coherence is minimized (Fig. 1 ). This is different from e.g.
15
N TROSYexperiments using a Hahn-echo based pulse sequence element ( Fig. S1 ) 41, 50 . Because if anti-phase N x/y H z coherence is present or evolves during the Hahn-echo relaxation delay in presence of amide exchange, amide exchange will lead to decorrelation of two spin-order 51 . This loss of the N x/y H z coherence will lead to an artificial extra relaxation contribution to the measured This finding points to a R ex contribution because of the deuterium isotope effect that modulates the 15 N chemical shift tensor due to exchange between protons and deuterons in the amide group at an exchange rate constant, k ex , which is equal to the solvent exchange rate constant 57 . This can be seen as follows:
The residue-specific k ex is the sum of the forward and backward pseudo first order reaction rate constant, k HD and k DH , respectively, where k HD is the product of the amide solvent exchange rate constant, k NH , describing the exchange of amide protons with water, and the likelihood that an exchange to a deuteron takes place instead of a proton, which is equal to the population of D 2 O in the sample buffer, p D :
. Vice versa, the rate constant for the backward reaction is where p H is the The exchange rate constant describing the modulation of the chemical shift tensor can also be obtained from a kinetic derivation as we shall see:
Equation (3a) ad (3b) are of pseudo first order, since both the H 2 O and D 2 O molar fractions are much higher than the protein molar fraction in water. Therefore, we obtain:
with the pseudo first order rate constants: , however we did not observe any significant differences when changing the RF amplitude of the waltz64 1 H decoupling scheme from 2.5 kHz to 6 kHz (Fig. S4) .
The use of an external deuterium lock for 15 
N R 2 relaxation measurements
The findings discussed above request shown in a ribbon representation.
The impact of internal D 2 O on CPMG-based relaxation dispersion experiments
Because of the significant R ex contribution on the measured Hahn-echo based , the effect is reduced by approximately ten-fold and therefore less critical for only low amounts of D 2 O in the sample buffer (Fig.   6B ). Overall, the R ex contribution roughly scales linearly with the percentage of D 2 O in the sample buffer and the given amide exchange rate constant k NH . Therefore, at lower pH < 6.5 and temperatures around or below room temperature, where the amide exchange rate will usually be less than k NH < 10 s (Fig. 7) . is attributed to the loss of measurable magnetization from the exchange to a N-D moiety during the relaxation delays (Fig. 8) .
Therefore, the R ex contribution induced by D 2 O in the sample buffer appears to be suppressed for a standard 15 N R 1ρ experiment employing a spin-lock RF amplitude of 2 kHz. Since IDPs form a large part of the human proteome (30-40%) and play an essential role in cellular signaling and regulation of many biomolecular interactions [65] [66] [67] , over the last two decades solution-state NMR provided important insights to characterize secondary structure propensity, conformational space 68, 69 and non-local and local dynamics of IDPs using mainly 15 N CPMG based relaxation dispersion experiments [15] [16] [17] [18] 67, [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . Several experimental strategies have been designed to allow the recording of N correlation spectra 81, 82 and CPMG relaxation experiments of IDPs under physiological conditions and obviate the influence of amide exchange 43, 83 , but the adverse impact of D 2 O through the isotope effect has to our knowledge escaped attention. At physiological pH and near physiological temperatures, we observed a substantial R ex contribution induced by D 2 O in the sample buffer that is not suppressed for a low CPMG frequency of 20 kHz. That finding is in agreement with simulated data that predict a substantial contribution for CPMG frequencies < 100 Hz. At a CPMG frequency of 100 Hz the R ex contribution induced by D 2 O in the sample buffer appears however suppressed, in agreement between experimental and simulated data.
For standard 15 N R 2 measurements (aiming at the investigation of ps-ns dynamics), employing a CPMG frequency of at least 100 Hz as well as proton decoupling 83 43 (to counteract the adverse effect of amide exchange), the effect is however reduced substantially and will not lead to an artificial increase of the 
Conclusion
The determination of the 15 N R 2 relaxation rate constants is a standard NMR experiment in the evaluation of the dynamics of proteins, including both folded and intrinsically disordered protein entities. While measurements at low pH (< 6.5) or low temperatures (< 10 ˚C) are usually uncritical because of low solvent amide exchange rates, at physiological pH and temperatures, effects related to solvent amide exchange can lead to artifactual R ex contributions.
The presented results show that the presence of D 2 O > 1% in the sample buffer can deteriorate the accuracy of the rates constants measured using a Hahn-echo based conditions that aim at the characterization of µs-ms dynamics, we however recommend the use of a very low D 2 O content in the sample buffer, as low as 1% molar fraction or, alternatively, the use of an external deuterium reference. This applies both to in vitro or in-cell NMR experiments [84] [85] [86] [87] [88] [89] and is most important for intrinsically disordered proteins that are characterized by low 15 N R 2 rate constants and where even small R ex contributions can lead to large changes in the measured 15 N R 2 rate constant.
